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(57) ABSTRACT 

A signal is predistorted by producing a set of sample Values, 
each of at least a subset of Which is dependent on (i) at least 
one of a plurality of past time spaced input samples and (ii) 
a current time spaced input sample, and independent of any 
other time spaced input sample, and combining the sample 
Values to produce the predistorted signal. Predistortion cir 
cuitry for generating the predistorted signal may be imple 
mented using multiple predistortion core circuits, With each 
of the predistortion core circuits receiving a data input and 
an index input associated With a particular input sample and 
generating a corresponding data output. The data outputs of 
the predistortion core circuits correspond generally to 
sample Values. The predistortion circuitry may also include 
at least one memory ?nite impulse response (FIR) ?lter 
Which processes one or more input samples in conjunction 
With the production of the sample Values. 

18 Claims, 5 Drawing Sheets 
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SYSTEM AND METHOD FOR 
PREDISTORTING A SIGNAL USING 

CURRENT AND PAST SIGNAL SAMPLES 

RELATED APPLICATION(S) 

The present invention is related to the inventions 
described in US. patent application Ser. No. 10/159,629 
entitled “Signal Predistortion Using a Combination of Mul 
tiple Predistortion Techniques,” and US. patent application 
Ser. No. 10/159,657 entitled “System and Method for Pre 
distor‘ting a Signal to Reduce Out-of-Band Error,” both ?led 
concurrently hereWith and hereby incorporated by reference 
herein. 

FIELD OF THE INVENTION 

The present invention relates generally to signal process 
ing, and more particularly to signal predistortion techniques 
for use in conjunction With poWer ampli?cation or other 
nonlinear processing operations in a Wireless communica 
tion system or other type of system. 

BACKGROUND OF THE INVENTION 

As is Well knoWn, signal predistortion techniques are used 
in conjunction With poWer ampli?cation in order to correct 
for undesirable effects, such as output signal distortion, 
spectral regroWth and adjacent channel poWer (ACP), that 
are typically associated With ampli?er nonlinearity at high 
output poWer levels. In general, predistortion techniques 
involve distorting an input signal prior to ampli?cation in a 
manner that takes into account the transfer function charac 
teristics of the ampli?er, such that the nonlinearity-related 
effects are at least partially canceled out in the resulting 
output signal. 

Recently-developed signal predistortion techniques 
Which overcome one or more problems associated With 

conventional techniques are described in US. patent appli 
cation Ser. No. 09/915,042, ?led Jul. 25, 2001 and entitled 
“System and Method for Predistor‘ting a Signal Using Cur 
rent and Past Signal Samples,” and US. patent application 
Ser. No. 09/928,628, ?led Aug. 13, 2001 and entitled “Mul 
tiple Stage and/or Nested Predistortion System and 
Method,” both of Which are hereby incorporated by refer 
ence herein. 

Despite the considerable advances provided by the pre 
distortion techniques described in the above-cited US. 
patent applications Ser. Nos. 09/915,042 and 09/928,628, a 
need remains for further improvements in predistortion 
techniques, so as to provide additional performance 
enhancements in Wireless communication systems and other 
systems employing poWer ampli?cation. 

SUMMARY OF THE INVENTION 

In accordance With one aspect of the invention, a signal is 
predistorted by producing a set of sample values each of at 
least a subset of Which is dependent on (i) at least one of a 
plurality of past time spaced input samples and (ii) a current 
time spaced input sample, and independent of any other time 
spaced input sample, and combining the sample values to 
produce a predistorted signal. 
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2 
In one illustrative embodiment of the invention, the 

predistorted signal is of the form given by the folloWing 
equation: 

Where y(n) denotes the predistorted signal, x(n) denotes a 
corresponding input signal, f denotes a function, and cZ are 
coef?cients of one or more memory ?lters used in producing 
at least a portion of the set of sample values. 

In another illustrative embodiment of the invention, the 
predistorted signal is of the form given by the folloWing 
equation: 

Where again y(n) denotes the predistorted signal, x(n) 
denotes a corresponding input signal, and f1 denotes a 
function. 

In accordance With another aspect of the invention, the 
quantity 1 in the above equations may be permitted to have 
a value Which is less than Zero, such that one or more future 
time spaced input samples are utiliZed in generating the set 
of sample values. 

In accordance With a further aspect of the invention, 
predistortion circuitry for generating the predistorted signal 
may be implemented using a plurality of predistortion core 
circuits, each of the predistortion core circuits receiving a 
data input and an index input associated With a particular 
input sample and generating a corresponding data output. 
More particularly, a given one of the predistortion core 
circuits includes a ?rst processing element comprising at 
least one of a coef?cient lookup table and a polynomial 
generator, the ?rst processing element receiving the index 
input and generating an output Which is applied to a second 
processing element comprising a multiplier Which multiplies 
the output of the ?rst processing element and the data input 
to generate the corresponding data output. The data outputs 
of the predistortion core circuits each correspond generally 
to one or more of the sample values. 

The predistortion circuitry also preferably includes at 
least one memory ?nite impulse response (FIR) ?lter Which 
processes at least one input sample. For example, the 
memory FIR ?lter may generate an output Which is supplied 
to a predistortion core circuit in the predistortion circuitry, 
With the predistortion core circuit producing at least a subset 
of one or more of the sample values. 

These and other features and advantages of the present 
invention Will become more apparent from the accompany 
ing draWings and the folloWing detailed description. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 shoWs a simpli?ed diagram of a portion of a 
communication system in Which the present invention may 
be implemented. 

FIG. 2 shoWs an illustrative embodiment of a predistor 
tion core suitable for use in implementing a predistortion 
circuit in the system of FIG. 1 in accordance With the 
invention. 
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FIG. 3A shows an illustrative embodiment of a memory 
less predistortion circuit in accordance With the invention, 
implemented using the predistortion core of FIG. 2 and 
suitable for use in the system of FIG. 1. 

FIG. 3B shoWs an illustrative embodiment of a predis 
tortion circuit With memory in accordance With the inven 
tion, implemented using the predistortion core of FIG. 2 and 
suitable for use in the system of FIG. 1. 

FIG. 4A shoWs an illustrative embodiment of a single 
stage predistortion circuit Which includes a memory distor 
tion estimate in accordance With the invention, implemented 
using the predistortion core of FIG. 2 and suitable for use in 
the system of FIG. 1. 

FIG. 4B shoWs an illustrative embodiment of a tWo-stage 
predistortion circuit Which includes a memory distortion 
estimate in accordance With the invention. 

FIGS. 5 and 6 shoW illustrative embodiments of predis 
tortion circuits based on multiple predistortion techniques in 
accordance With the invention, implemented using the pre 
distortion core of FIG. 2 and suitable for use in the system 
of FIG. 1. 

DETAILED DESCRIPTION OF THE 
INVENTION 

The present invention Will be illustrated beloW in con 
junction With exemplary predistortion techniques and asso 
ciated circuitry particularly Well-suited for use in a base 
station of a Wireless communication system. It should be 
understood, hoWever, that the invention is not limited to use 
With any particular type of predistortion circuit or nonlinear 
system application, but is instead more generally applicable 
to any application Which can bene?t from the improved 
predistortion techniques of the invention. 

FIG. 1 shoWs a simpli?ed block diagram of a portion of 
a communication system 100 in Which the present invention 
may be implemented. The portion of the system 100 shoWn 
in the ?gure may correspond, for example, to one or more 
signal transmission channels of a Wireless communication 
system base station. 
The portion of the system 100 as shoWn includes a 

predistortion circuit 102 coupled to an ampli?er 104. An 
input signal x(n) applied to an input of the predistortion 
circuit is predistorted therein to generate a predistorted 
output signal y(n). The predistorted signal y(n) is generally 
subject to further processing before the resulting processed 
signal is applied to an input of the ampli?er 104. These 
operations are collectively denoted by the dashed box 105 in 
the ?gure, and may include, by Way of example and not 
limitation, operations such as digital-to-analog conversion, 
upconversion and ?ltering. Such operations are Well-knoWn 
to those skilled in the art, and are therefore not described in 
further detail herein. It is to be appreciated that the invention 
does not require the performance of any particular operation 
or set of operations in box 105, although any operations 
implemented therein clearly should have su?icient band 
Width to accommodate the predistorted signal. 

The ampli?er 104 ampli?es the processed signal applied 
to its input and the resulting output signal is transmitted via 
an antenna 106 of the system 100. The output of the 
ampli?er 104 is coupled via a predistortion feedback path to 
a feedback processing circuit 110 Which processes the 
ampli?er output signal to generate information utiliZed by 
the predistortion circuit 102. The ampli?er output may be 
further processed before being supplied to the input of the 
feedback processing circuit 110, using one or more opera 
tions collectively illustrated as dashed box 115 in the ?gure. 
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4 
Such operations are generally complementary to those per 
formed in box 105, and thus may include ?ltering, doWn 
conversion, analog-to-digital conversion, and so on, and are 
con?gured With an appropriate bandWidth for implementing 
the predistortion feedback. The feedback processing circuit 
110 is con?gured to generate information such as updated 
lookup table entries or predistortion polynomial coef?cients 
for use by the predistortion circuit 102. 

In the embodiment of FIG. 1, the predistorted output 
signal y(n) is also applied to an input of the feedback 
processing circuit 110, so as to be available for use in 
coef?cient updating or other feedback processing operations 
implemented in circuit 110. HoWever, this connection may 
be eliminated in other embodiments. 

The particular feedback processing operations imple 
mented in the feedback processing circuit may be of the type 
described in the above-cited US. patent applications Ser. 
Nos. 09/915,042 and 09/928,628. Other feedback processing 
operations knoWn in the art may also be used. The present 
invention does not require the use of any particular coeffi 
cient updating or other feedback processing approach, and 
these operations Will therefore not be described in further 
detail herein. 

It is to be appreciated that the portion of the system 100 
shoWn in FIG. 1 is simpli?ed for clarity of illustration, and 
represents an example of one con?guration of system ele 
ments that may utiliZe the techniques of the invention. Those 
skilled in the art Will recogniZe that the predistortion tech 
niques of the invention can be implemented in systems 
having other arrangements of signal processing and trans 
mission elements. Moreover, the predistortion techniques of 
the invention can be implemented at baseband, intermediate 
frequency (IE) or radio frequency (RF), or using combina 
tions of these frequency ranges, and so one or more of the 
input signal x(n) and the predistorted signal y(n) may 
represent baseband, IE or RF signals. Moreover, the tech 
niques can be implemented in the digital or analog domains 
or in combinations thereof, although it should be noted in 
this regard that digital implementation is generally preferred 
in that it typically results in less complexity for predistortion 
operations such as polynomial generation. 

FIG. 2 shoWs an example of a predistortion core circuit 
200, also referred to herein as a “Pred-Core” circuit, Which 
may be used to implement the predistortion circuit 102 in 
accordance With the invention. The Pred-Core circuit 200 
includes a coef?cient lookup table or polynomial generator 
202 and a multiplier 204. The coef?cient lookup table or 
polynomial generator 202 may comprise one or more coef 
?cient lookup tables, one or more polynomial generators, or 
combinations of at least one coe?icient lookup table and at 
least one polynomial generator. The multiplier 204 receives 
as inputs a data input and an output from element 202, and 
generates a data output. The data input is applied to the 
multiplier 204 via a delay element 206. The delay element 
206 provides an amount of delay designed to match the 
processing delay associated With the coef?cient lookup table 
or polynomial generator 202. The output from element 202 
applied to the multiplier 204 is generated in accordance With 
an index input applied to element 202 as shoWn. If the data 
input, data output and index input are denoted as x(n), y(n) 
and Z(n), respectively, the Pred-Core circuit 200 implements 
the folloWing equation: 

y(n):x(n)'f (101)), (1) 

Where f( ) denotes a polynomial function. 
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Examples of predistortion circuits in accordance With the 
invention that are implemented using the Pred-Core circuit 
200 of FIG. 2 Will noW be described With reference to FIGS. 
2 through 6. It should be understood that each of these 
circuits may be utilized as predistortion circuit 102 in the 
portion of system 100 shoWn in FIG. 1. 

FIG. 3A shoWs an example of a memoryless predistortion 
circuit 300 that is implemented using single Pred-Core 
circuit 200 of the type described in FIG. 2. The input x(n) is 
applied to an absolute value element 302 and to a delay 
element 304. The delay n1 associated With the delay element 
304 is designed to match the delay associated With the 
absolute value element 302, so as to provide matching of 
signal delays in the associated signal paths. These and other 
matching delays referred to herein are typically implemen 
tation-speci?c, and appropriate values for use in a given 
implementation can be determined in a straightforward 
manner by one of ordinary skill in the art. Typical values for 
n1 and other matching delays are less than about 10 sample 
periods. 

The output of the delay element 304 is applied to the data 
input of a Pred-Core circuit 200-1. The output of the 
absolute value element 302 is applied to the index input of 
the Pred-Core circuit 200-1. The output of the Pred-Core 
circuit 200-1 corresponds to the output y(n). The circuit 300 
in this embodiment further includes an equalization ?nite 
impulse response (FIR) ?ltering element 312, Which may be 
eliminated in other embodiments because the circuit 300 has 
a certain limited amount of built-in equalization. The output 
of the circuit 300 may thus be vieWed as the signal y(n) or 
a corresponding ?ltered version thereof. 

As is apparent from the ?gure, the memoryless predis 
tortion circuit 300 implements the folloWing equation: 

y(n):x(n)'f(b¢(n)l), (2) 

Where f( ) denotes a polynomial function associated With the 
Pred-Core circuit 200. 

Although the memoryless predistortion circuit 300 pro 
vides acceptable performance in certain applications, such 
as applications involving narroWband transmission chan 
nels, improved performance can generally be provided 
through the use of memory to take into account one or more 
past signal samples. An example of a altemative version of 
the circuit 300 that is modi?ed to incorporate memory 
elements Will be described beloW With reference to FIG. 3B. 

FIG. 3B shoWs an example of a predistortion circuit 300' 
With memory that is implemented using four of the Pred 
Core circuits 200 of FIG. 2, denoted Pred-Core 200-(k+1), 
Where kIO, 1, 2 . . . (K-l) and K:4 in this embodiment. The 

input x(n) is applied to absolute value element 302 and to 
delay element 304. The output of the delay element 304 is 
applied to the data input of the ?rst Pred-Core circuit 200-1. 
Further delayed versions generated by delay elements 306-1, 
306-2 and 306-3 are applied to the data inputs of the 
respective Pred-Core circuits 200-2, 200-3 and 200-4. Simi 
larly, the output of the absolute value element 302 is applied 
to the index input of the ?rst Pred-Core circuit 200-1, and 
further delayed versions generated by delay elements 30-1, 
308-2 and 308-3 are applied to the index inputs of the 
respective Pred-Core circuits 200-2, 200-3 and 200-4. The 
outputs of the four Pred-Core circuits are summed in a 
summing element 310 to generate the output y(n). Like the 
circuit 300, the circuit 300' includes equalization FIR ?lter 
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6 
ing element 312, Which may be eliminated in other embodi 
ments because the circuit 300' has a certain limited amount 
of built-in equalization. The output of the circuit 300' may 
thus be vieWed as the signal y(n) or a corresponding ?ltered 
version thereof. 

As is apparent from its con?guration as shoWn in the 
?gure, the predistortion circuit 300' implements the folloW 
ing equation: 

Kel (3) 

Where fk( ) denotes a polynomial function associated With 
the kth Pred-Core circuit 200-(k+1), and K:4 in the FIG. 3B 
embodiment. 

The predistortion circuits 300 and 300' of respective 
FIGS. 3A and 3B may each be vieWed as a type of nonlinear 
FIR ?lter. 

As indicated previously, the predistortion circuit 300 of 
FIG. 3A is an example of a circuit Which utilizes a memo 
ryless predistortion technique. More particularly, this circuit 
operates in accordance With a so-called memoryless assump 
tion that nonlinear poWer ampli?er distortion is only depen 
dent on the instantaneous input poWer or signal amplitude 
supplied to the ampli?er. HoWever, this assumption is only 
valid to a limited extent. Anumber of factors may contribute 
to the presence of a memory effect in poWer ampli?ers, such 
as junction temperature or capacitance, drain bias decou 
pling netWork, re?ection from output mismatches, etc. The 
manner in Which the FIG. 3A circuit can be modi?ed to 
incorporate memory has been described in conjunction With 
FIG. 3B. Additional examples of predistortion circuits 
designed to take the memory effect into account Will be 
described With reference to FIGS. 4A, 4B, 5 and 6 beloW. 
Before these circuits are described in detail, a behavioral 
model for the memory effect Will be described in order to 
illustrate the manner in Which the memory effect can be 
compensated for using the predistortion techniques of the 
invention. 

It should be understood that the particular behavioral 
model to be described is for illustrative purposes only, and 
not intended to limit the scope of the invention in any Way. 
In other Words, the model is intended to provide a useful 
estimate of the memory effect suitable for illustrating the 
invention, rather than a particular level of mathematical 
precision. 
The behavioral model makes use of a third-order Volterra 

response of the type described in Martin Schetzen, “The 
Volterra and Wiener Theories of Nonlinear Systems,” John 
Wiley and Sons, Inc., 1980, Which is incorporated by 
reference herein. The response is given by: 

(4) 

Where x(t) is a real input signal and h3 is the third-order 
Volterra kernel. Assuming that the input signal x(t) corre 
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sponds to a complex baseband representation, the following 
approximation may be made: 

+00 +00 00 5 

[13:] f f h3(T1,T2,T3)' () 
x(l — T1)- |x(l — T2)| - |x(l — T3)|- d'r1d'r2d'r3. 

Next, if it is assumed that: 

h3(1:l> T2, T3):9("71)'h3("52)'h3("73)> (6) 

then Equation (5) becomes: 

+00 2 (7) 

H3=x(l)-[f h3(T)-|x(t—T)|-d'r]. 

This can be generalized to a polynomial as folloWs: 

(3) 

Where h' denotes an arbitrary ?lter, e.g., an FIR ?lter. Then 
the behavioral model for the poWer ampli?er in the analog 
domain is given by: 

9) 00 k ( 

y(r) =x(t)-Z ak -|x(t)|" +x(t)-Z bk h’m- |x(r— 01%] 
k k *°° 

or in the discrete time domain by: 

The approximation of the delta function in Equation (6) may 
be further re?ned by adding to the model a term that is 
proportional to the rate the signal is changing: 

Where h" denotes another arbitrary ?lter, e.g., another FIR 
?lter. If h' and h" are knoWn quantities, then a minimum 
mean square error (MMSE) estimate can be made in a 
straightforward manner for the coef?cients ak, bk and ck. 

Optimal tap values for h' and h" can be determined using, 
for example, a simplex search algorithm such as that 
described in J. A. Nelder and R. Mead, “A Simplex Method 
for Function Minimization,” Computer Journal, Vol. 7, p. 
308, 1965, Which is incorporated by reference herein. In 
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8 
practice, it Will generally be acceptable to implement h' and 
h" With approximately three taps. Using the error from the 
MMSE estimation as the ?gure of merit, the tap values of h' 
and h" are adjusted With the search algorithm until conver 
gence is reached. To prevent tap values of h' and h" from 
groWing to in?nity, h' and h" are alWays normaliZed. In 
addition, the MMSE estimation is preferably Weighted in the 
frequency domain. 

In order to predistort the input signal in a manner Which 
counteracts the memory effect in the above-described behav 
ioral model, one could in principle attempt to obtain the 
inverse of Equation (11). This is generally an extremely 
dif?cult process. Instead, it is possible to simply add to the 
input signal the residual memory distortion estimated using 
the model, using the appropriate sign to cancel out the 
corresponding distortion generated by the poWer ampli?er. 
An approach of this type is utiliZed in the predistortion 
circuits to be described in conjunction With FIGS. 4A and 
4B. A substantially continuous update of the predistortion 
circuit parameters by an associated feedback processing 
circuit, such as circuit 110 in FIG. 1, eliminates the need to 
derive the inverse function mathematically, and Will provide 
acceptable performance as long as the ampli?er distortion 
characteristics change more sloWly than the rate of update. 
Another possible technique Which eliminates the need to 
derive the inverse function mathematically is an “indirect 
learning” approach that involves sWitching input and output 
through the same model to obtain the predistortion circuit 
parameters. This type of technique is described in greater 
detail in the above-cited US. patent applications Ser. No. 
09/915,042 and Ser. No. 09/928,628. 

FIG. 4A shoWs a single-stage predistortion circuit 400 
With memory distortion compensation in accordance With 
the invention. The circuit 400 in this embodiment can be 
used to implement the memory effect model as shoWn in 
Equation (10) above. As indicated previously, the model as 
shoWn in Equation (11) represents a further re?nement of the 
Equation (10) model, and those skilled in the art Will 
recogniZe that Equation (11) can be implemented in a 
predistortion circuit in a similar manner. 
The circuit 400 is implemented using tWo of the Pred 

Core circuits 200 of FIG. 2, denoted Pred-Core 200-1 and 
200-2. The input x(n) is applied to an absolute value element 
402 and to a ?rst delay element 404-1. The output of the 
absolute value element 402 is applied via a delay element 
408-1 to the index input of the ?rst Pred-Core circuit 200-1, 
and is also applied to a memory FIR ?lter 405. The output 
of the ?rst delay element 404-1 is applied via a delay 
element 408-2 to a data input of the ?rst Pred-Core circuit 
200-1, and via delay element 404-2 to a data input of the 
second Pred-Core circuit 200-2. The delays n1 and n2 
associated With the delay elements 404 and 408 are selected 
to provide matching of signal delays in the associated signal 
paths, as Will be readily appreciated by those skilled in the 
art. The memory FIR ?lter 405 generates an output xm(n) 
that is applied to an index input of the second Pred-Core 
circuit 200-2. The outputs of the tWo Pred-Core circuits 
200-1 and 200-2 are summed in a summing element 410 to 
generate the output y(n). 
As indicated previously, the delays provided by elements 

404-1, 404-2, 408-1 and 408-2 are con?gured to provide 
appropriate matching of processing delays, as Will be appre 
ciated by those skilled in the art. 

Like the circuits 300 and 300' of FIGS. 3A and 3B, the 
circuit 400 in this embodiment further includes an equal 
iZation FIR ?ltering element 412, Which may be eliminated 
in other embodiments since the circuit 400 has a certain 
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limited amount of built-in equalization. The output of the 
circuit 400 may thus be vieWed as the signal y(n) or a 
corresponding ?ltered version thereof. The predistortion 
circuit 400 implements the following equation: 

y(n):x(n)'fo(lx(n)l)+x(n)'f1(167,101)), (12) 

Where f0 ( ) and fl ( ) each denote a polynomial associated 
With the corresponding Pred-Core circuit 200-1 or 200-2. 
The predistortion circuit 400 may thus be vieWed as an 
example of a predistortion circuit Which uses ?rst and 
second predistortion techniques, each corresponding to one 
of the addends in the foregoing equation. Additional 
examples Will be described in conjunction With FIGS. 5 and 
6 beloW. 

The single-stage predistortion circuit of FIG. 4A can also 
be implemented as a tWo-stage circuit as illustrated in FIG. 
4B. FIG. 4B shoWs a predistortion circuit suitable for 
implementing the predistortion of Equation (10) or Equation 
(11) above in a tWo-stage con?guration. The predistortion 
circuit is part of a system 100' in Which an input signal x(t) 
is applied to a delay element 420-1 and to a memory 
distortion estimate element 422. It is to be appreciated that 
although the tWo-stage predistortion circuit in FIG. 4B is 
shoWn for clarity and simplicity of illustration as using 
continuous-time analog signals, the processing operations 
shoWn can also be implemented in the digital domain using 
discrete signals. The memory distortion estimate element 
422 produces an error signal e(t) Which is subtracted from 
the delayed version of x(t) in element 424 to obtain x(t)-e(t). 
The result is applied to a delay element 420-2 and to a 
memoryless predistortion calculation element 426. The 
memoryless predistortion calculation element 426 generates 
as an output a complex gain signal g(t) Which is then used 
to multiply x(t)-e(t) in multiplier 428. The resulting predis 
torted signal is applied via an equaliZation FIR ?ltering 
element 430 to an input of ampli?er 104. The output of the 
ampli?er 104 is fed back to the memory and memoryless 
predistortion elements 422 and 426 as shoWn. As indicated 
previously, substantially continuous update via feedback to 
elements 422 and 426 eliminates the need to derive the 
inverse of Equation (10) or Equation (11) mathematically, 
and acceptable performance is provided as long as the 
ampli?er distortion characteristics change more sloWly than 
the rate of update. 

The elements 420-2, 426 and 428 of the circuit 100' in 
FIG. 4B may be collectively vieWed as a Pred-Core circuit 
200' Which operates in a manner similar to that of the 
Pred-Core circuit 200 as described in conjunction With FIG. 
2. 

The predistortion circuits of FIGS. 5 and 6, to be 
described in detail beloW, are each based on a combination 
of multiple predistortion techniques. More particularly, in 
each of these predistortion circuits, a ?rst set of sample 
values is produced using a ?rst predistortion technique, a 
second set of sample values is produced using a second 
predistortion technique, and the ?rst and second sets of 
sample values are combined to produce a predistorted sig 
nal. Each of the predistortion techniques produces its cor 
responding set of sample values based at least in part on one 
or more past time spaced input samples relative to a current 
time spaced input sample. Future time spaced input samples 
relative to the current time spaced input sample may also be 
used, as Will be described. In one embodiment, the ?rst 
predistortion technique produces sample values each of 
Which is dependent on one of a plurality of time spaced input 
samples and independent of any other time spaced input 
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10 
sample, and the second predistortion technique produces 
sample values each of Which is dependent on (i) one of a 
plurality of past time spaced input samples and (ii) a current 
time spaced input sample, and independent of any other time 
spaced input sample. 

FIG. 5 shoWs a predistortion circuit 500 With memory 
effect compensation, Which uses a combination of multiple 
predistortion techniques in accordance With the invention. 
The circuit 500 is implemented using ?ve of the Pred-Core 
circuits 200 of FIG. 2, denoted Pred-Core 200-(k+l), Where 
kIO, l, 2, . . . (K-l) and KIS in this embodiment. As Will 
be apparent from the folloWing description, the circuit 500 
uses a combination of multiple functions, each based on 
current and past signal samples. In addition, it provides an 
improved equaliZation capability relative to the circuits 300 
and 400 previously described, Without the use of additional 
equaliZation FIR ?ltering. It should also be noted that the 
predistortion parameters in this embodiment are estimated 
using a Least-Squares-NeWton technique. 

In the circuit 500, the input x(n) is applied to an absolute 
value element 502 and to a delay element 504-1. The output 
of the delay element 504-1 is applied to the data input of the 
?rst Pred-Core circuit 200-1. Further delayed versions gen 
erated by delay elements 504-2, 504-3, 504-4 and 504-5 are 
applied to the data inputs of the respective Pred-Core 
circuits 200-2, 200-3, 200-4 and 200-5. The output of the 
absolute value element 502 is applied to an input of a 
memory FIR ?lter 505 and to an input of a delay element 
506-1. The memory FIR ?lter 505 generates an output xm(n) 
that is applied to an index input of the ?rst Pred-Core circuit 
200-1. Further delayed versions of the absolute value ele 
ment output are generated by delay elements 506-1, 506-2, 
506-3 and 506-4 and are applied to the index inputs of the 
respective Pred-Core circuits 200-2, 200-3, 200-4 and 200 
5. As in previous embodiments, the delays n1 and n2 
associated With the delay elements 504 and 506 are selected 
to provide matching of signal delays in the associated signal 
paths. The outputs of the ?ve Pred-Core circuits are summed 
in a summing element 510 to generate the output y(n). As 
indicated above, the circuit 500 provides improved equal 
iZation relative to that of circuits 300 and 400, and circuit 
500 as shoWn therefore does not include a separate equal 
iZation FIR ?ltering element. 
An example of a combination of ?rst and second predis 

tortion techniques that may be provided by the predistortion 
circuit 500 is given by the folloWing equation: 

Where cZ are coef?cients associated With the memory FIR 
505. A more particular example shoWing one possible imple 
mentation of Equation (13) is as folloWs: 

(14) 

Where a and b q are coef?cients associated With the Pred 
Core circuits 200. In the foregoing examples, each of 
Equations (13) and (14) includes ?rst and second addends, 
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With the ?rst addend corresponding to the ?rst predistortion 
technique, and the second addend corresponding to the 
second predistortion technique. 
The quantity 1 in Equations (13) and (14) may be permit 

ted to have a value Which is less than Zero, such that one or 
more future time spaced input samples are utiliZed in the 
second predistortion technique. Those skilled in the art Will 
recognize that such future samples can be obtained, in effect, 
by suitably delaying the input signal. 

Moreover, the quantity q in Equation (14) is preferably 
permitted to take on values of tWo and four, such that if Q:4, 
the coe?icients cql each have a value of approximately Zero 
for values of q equal to one and three. Other values of q 
could also be used, e.g., values of tWo, four and six, and so 
on. 

FIG. 6 shoWs another predistortion circuit 600 based on a 
combination of multiple predistortion techniques in accor 
dance With the invention, implemented using K Pred-Core 
circuits, denoted Pred-Core 200-(k+1), Where as indicated 
previously kIO, 1, . . . (K-l). Like the circuit 500 described 
previously, the circuit 600 provides compensation for the 
previously-described memory effect. In addition, it provides 
an improved equaliZation capability relative to the circuits 
300 and 400 previously described, Without the use of addi 
tional equaliZation FIR ?ltering. The predistortion param 
eters in this embodiment can be estimated using a linear 
estimation technique, and therefore in a more computation 
ally e?icient manner than in the circuit 500. 

In the circuit 600, the input x(n) is applied to an absolute 
value element 602 and to a delay element 608-1. The output 
of the absolute value element 602 is applied to a ?rst 
squaring element 604-1, and the output of the ?rst squaring 
element 604-1 is applied to a delay element 606 and a 
second squaring element 604-2. The output of the delay 
element 608-1 is applied to another delay element 608-2, 
and the output of the delay element 608-2 is applied to a data 
input of the ?rst Pred-Core circuit 200-1 and to an input of 
a multiplier 616. A further delayed version of the input x(n) 
is applied via delay element 608-3 to a data input of the 
second Pred-Core circuit 200-2, With the data inputs of 
subsequent Pred-Core circuits being supplied in a similar 
manner. 

The output of the absolute value element 602 is also 
applied to a delay element 610-1. The output of the delay 
element 610-1 is applied to an index input of the ?rst 
Pred-Core circuit 200-1 and via another delay element 610-2 
to an index input of the second Pred-Core circuit 200-2. The 
index inputs of subsequent Pred-Core circuits are supplied in 
a similar manner. 

Implementation-speci?c delays n1, n2 and n3 associated 
With the delay elements 606, 608 and 610 are selected to 
provide matching of signal delays in the associated signal 
paths, as in previous embodiments. 

The outputs of the delay element 606 and the squaring 
element 604-2 are applied to inputs of respective complex 
memory FIR ?lters 612-1 and 612-2. The outputs of these 
?lters are added in a summing element 614, and then 
multiplied by the delayed version of the input x(n) from 
delay element 608-2 in multiplier 616. The output of the 
multiplier 616 is applied via delay element 618, having 
delay n4, to a summing element 620, in Which it is summed 
With the outputs of the K+1 Pred-Core circuits to produce 
the predistorted output signal y(n). As indicated above, the 
circuit 600 provides improved equaliZation relative to that of 
circuits 300 and 400, and circuit 600 as shoWn therefore 
does not include a separate equaliZation FIR ?ltering ele 
ment. 
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12 
An example of a combination of ?rst and second predis 

tortion techniques that may be provided by the predistortion 
circuit 600 is given by the folloWing equation: 

Ki (15) 

Where f1‘ are functions associated With the complex memory 
FIR ?lters 612-1 and 612-2. A more particular example 
shoWing one possible implementation of Equation (15) is as 
folloWs: 

K-r P 1 (16) 

Where akp are coef?cients of the predistortion core circuits, 
and cql are coe?icients of the complex memory FIR ?lters 
612-1 and 612-2. 
Another version of Equation (16) that incorporates delay 

terms in the second predistortion technique is given by: 

(17) 
W) = 

» H o H p 

M10 Mt~ M: 
1 S 11 

As Was the case With the example combinations given 
previously for the circuit 500, the quantity 1 in Equations 
(15), (16) and (17) may be permitted to have a value Which 
is less than Zero, such that one or more future time spaced 
input samples are utiliZed in the second predistortion tech 
nique. Also, the quantity q in Equations (16) and (17) is 
preferably permitted to take on values of tWo and four, With 
coef?cients for other values being Zero, although other 
arrangements could also be used. 
An example set of coefficients akp and c q] for implement 

ing Equation (16), With K:4, PIS and L:20, in the predis 
tortion circuit 600 of FIG. 6, is as folloWs: 
Complex polynomial coef?cients akp (4th order) for Pred 

Core 200-1 (kIO): 
p:4: 28.0571+12.5238i 
p:3: 19.9513+1.2119i 
p:2: —10.9708+1.1993i 
p:1: 1.6333-03566i 
p:0: 0.9733—0.0117i 
Complex polynomial coef?cients akp (4th order) for Pred 

Core 200-2 (kIl): 
: —72.1503—41.9981i 

: 35.6383+20.0715i 

: —4.7463—3.7298i 

: 0.1857+0.2715i 

: —0.1135+0.0618i 

Complex polynomial coef?cients akp (4th order) for Pred 
Core 200-3 (k:2)i 

: 65.2435+41.4201i 

: —30.9720—23.0535i 

: 4.4637+4.8583i 

: —0.2270—0.4194i 

: 0.1212—0.0924i 
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Complex polynomial coef?cients akp (4th order) for Pred 
Core 200-4 (k:3)i 

p:4: —41.8007—23.3570i 
p:3: 21.2478+13.1256i 
p:2: —3.5915—2.8084i 
p:1: 0.2387+0.2607i 
p:0: —0.0445+0.0312i 
Complex coef?cients cql for memory FIR 612-1 (q:2): 
1:1: 0.8151+1.7174i 

: —5.4640—4.3166i 

: 7.4416+5.2334i 

: —4.0328—2.9027i 

: —1.4101—0.6602i 

: 2.7418+1.2691i 

: 0.8353+1.5226i 

: —3.3820—3.5678i 

: 1.4578+2.1431i 

: 1.4680+0.1694i 

: —1.1656—0.0994i 

: —0.9720—1.3719i 

: 1.0293+1.2898i 

: 1.1067+0.4580i 

: —2.1977—1.4159i 

: 0.9022+0.5296i 

: 0.8818+0.7703i 

: —1.3104—1.0579i 

: 0.6831+0.5474i 

: —0.1345—0.1095i 

Complex coef?cients cql for memory FIR 612-2 (q:4): 
: —15.0097—9.7009i 

: 16.5690+16.1563i 

: —l8.4896—2l.8050i 
: 17.6098+24.5802i 

: —13.2506—23.7639i 

: 9.5893+21.7037i 

: —8.0826—20.4009i 

: 6.9506+18.9063i 

: —5.2490—16.4669i 

0: 2.7313+13.1311i 
1: —0.4989—9.9384i 

: —0.9607+7.2421i 

: 2.0038—4.7525i 

: —3.0947+2.2966i 

: 3.7987—0.2665i 

: —3.7164—0.8273i 

: 2.6026+0.7157i 

1:18: —1.3585—0.2470i 
1:19: 0.7411+0.1912i 
1:20: —0.3795—0.1591i 
It should be emphasized that the above example coeffi 

cients are provided for illustrative purposes only, and should 
not be construed as limiting the scope of the invention in any 
Way. Those skilled in the art Will appreciate that other 
arrangements can be used. 

Although only tWo different predistortion techniques are 
used in the examples associated With FIGS. 4, 5 and 6, other 
embodiments of the invention can use combinations of more 
than tWo different predistortion techniques. It should also be 
noted that a given embodiment of the invention may utiliZe 
only a particular one of the tWo predistortion techniques 
utiliZed in the predistortion circuits of FIGS. 4, 5 and 6. 

The above-described embodiments of the invention are 
intended to be illustrative only. For example, the particular 
memory ?ltering arrangements shoWn are by Way of 
example, and other types of memory ?ltering may be used 
in alternative embodiments of the invention. In addition, the 
predistortion core circuit and the particular numbers and 
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14 
arrangements thereof Within the described predistortion cir 
cuits may be varied. The predistortion techniques of the 
invention can be implemented in hardWare, software, ?rm 
Ware or combinations thereof. These and numerous other 
alternative embodiments Within the scope of the folloWing 
claims Will be readily apparent to those skilled in the art. 

We claim: 
1. A method of predistorting a signal, said method com 

prising: 
producing a set of sample values, each of at least a subset 

of Which is dependent on (i) at least one of a plurality 
of past time spaced input samples and (ii) a current time 
spaced input sample, and independent of any other time 
spaced input sample; and 

combining said sample values to produce a predistorted 
signal; 

Wherein the predistorted signal is subsequently subject to 
at least one nonlinear processing operation and is 
con?gured to at least partially cancel out nonlinearity 
related effects of said at least one nonlinear processing 
operation; 

Wherein the predistorted signal is of a form given by the 
folloWing equation: 

Where y(n) denotes the predistorted signal, x(n) denotes a 
corresponding input signal, xm(n) denotes a memory-?ltered 
version of the input signal, and fo( ) and fl( ) each denote 
a polynomial function. 

2. The method of claim 1 Wherein the producing step 
comprises producing the corresponding set of sample values 
by processing input samples associated With an input signal. 

3. The method of claim 1 Wherein the producing step 
comprises producing at least one of the sample values based 
at least in pad on one or more future time spaced input 
samples relative to a current time spaced input sample. 

4. A method of predistorting a signal, said method com 
prising: 

producing a set of sample values, each of at least a subset 
of Which is dependent on (i) at least one of a plurality 
of past time spaced input samples and (ii) a current time 
spaced input sample, and independent of any other time 
spaced input sample; and 

combining said sample values to produce a predistorted 
signal; 

Wherein the predistorted signal is subsequently subject to 
at least one nonlinear processing operation and is 
con?gured to at least partially cancel out nonlinearity 
related effects of said at least one nonlinear processing 
operation; 

Wherein the predistorted signal is of a form given by the 
folloWing equation: 

Where y(n) denotes the predistorted signal, x(n) denotes a 
corresponding input signal, f denotes a function, and c1 are 
coef?cients of one or more memory ?lters used in producing 
at least a portion of the set of sample values. 

5. The method of claim 4 Wherein at least a subset of the 
coef?cients are generated using a least-squares NeWton 
estimation technique. 
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6. The method of claim 4 wherein the equation is more 
particularly given by: 

qIl 

Where b q are coef?cients of one or more predistortion core 

circuits used in producing at least a portion of the set of 
sample values. 

7. The method of claim 4 Wherein the quantity 1 is 
permitted to have a value Which is less than Zero, such that 
one or more future time spaced input samples are utiliZed to 
produce one or more of the sample values. 

8. A method of predistorting a signal, said method com 
prising: 

producing a set of sample values, each of at least a subset 
of Which is dependent on (i) at least one of a plurality 
of past time spaced input samples and (ii) a current time 
spaced input sample, and independent of any other time 
spaced input sample; and 

combining said sample values to produce a predistorted 
signal; 

Wherein the predistorted signal is subsequently subject to 
at least one nonlinear processing operation and is 
con?gured to at least partially cancel out nonlinearity 
related effects of said at least one nonlinear processing 
operation; 

Wherein the predistorted signal is of a form given by the 
folloWing equation: 

Where y(n) denotes the predistorted signal, x(n) denotes a 
corresponding input signal, and f1 denotes a function. 

9. The method of claim 8 Wherein the equation is more 
particularly given by: 

Where c q] are coe?icients of one or more memory ?lters used 

in producing at least a portion of the set of sample values. 
10. The method of claim 9 Wherein at least a subset of the 

coef?cients are generated using a linear estimation tech 
nique. 

11. The method of claim 9 Wherein the coef?cients cql 
each have a value of approximately Zero for values of q 
equal to one and three. 
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12. The method of claim 8 Wherein the quantity 1 is 

permitted to have a value Which is less than Zero, such that 
one or more future time spaced input samples are utiliZed to 
produce one or more of the sample values. 

13. An apparatus for predistorting a signal, the apparatus 
comprising: 

predistortion circuitry adapted to produce a set of sample 
values, each of at least a subset of Which is dependent 
on (i) at least one of a plurality of past time spaced input 
samples and (ii) a current time spaced input sample, 
and independent of any other time spaced input sample, 
and to combine said sample values to produce a pre 
distorted signal; 

Wherein the predistortion circuitry comprises a plurality 
of predistortion core circuits, each of the predistortion 
core circuits receiving a data input and an index input 
associated With a particular input sample and generat 
ing a corresponding data output. 

14. The apparatus of claim 13 Wherein a given one of the 
predistortion core circuits includes a ?rst processing element 
comprising at least one of a coef?cient lookup table and a 
polynomial generator, the ?rst processing element receiving 
the index input and generating an output Which is applied to 
a second processing element comprising a multiplier Which 
multiplies the output of the ?rst processing element and the 
data input to generate the corresponding data output. 

15. The apparatus of claim 13 Wherein data outputs of the 
predistortion core circuits each correspond to one of the 
sample values. 

16. The apparatus of claim 13 Wherein the predistortion 
circuitry comprises at least one memory ?nite impulse 
response (FIR) ?lter Which processes at least one input 
sample in producing at least one of the sample values. 

17. The apparatus of claim 16 Wherein the memory FIR 
?lter generates an output Which is supplied to a predistortion 
core circuit in the predistortion circuitry, the predistortion 
core circuit producing at least a subset of the sample values. 

18. An article of manufacture comprising a processor 
readable storage medium for storing program code, Wherein 
the program code When executed implements a method of 
predistorting a signal, said method comprising the steps of: 

producing a set of sample values, each of at least a subset 
of Which is dependent on (i) at least one of a plurality 
of past time spaced input samples and (ii) a current time 
spaced input sample, and independent of any other time 
spaced input sample; and 

combining said sample values to produce a predistorted 
signal; 

Wherein the predistorted signal is subsequently subject to 
at least one nonlinear processing operation and is 
con?gured to at least partially cancel out nonlinearity 
related effects of said at least one nonlinear processing 
operation. 
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:-18.4896 -21.80501 
I 17.6098 +24.58021 
I -13.2506 -23.76391 
I 9.5893 +21.70371 
I -8.0826 -20.40091 
I 6.9506 +18.90631 
I -5.2490 -16.46691 
:2.7313 +13.13111 
I -0.4989 - 9.93841 

I -0.9607 + 7.24211 
I 2.0038 - 4.75251 

I -3.0947 + 2.29661 

I 3.7987 - 0.26651 

:-3.7164 - 0.82731 

:2.6026 + 0.71571 
I -1.3585 - 0.24701 

20.7411-1- 0.19121 
:-0.3795 - 0.15911” 



UNITED STATES PATENT AND TRADEMARK OFFICE 

CERTIFICATE OF CORRECTION 

PATENT NO. : 7,269,231 B2 Page 4 of 4 
APPLICATION NO. : 10/159540 
DATED : September 11, 2007 
INVENTOR(S) : L. Ding et a1. 

It is certified that error appears in the above-identi?ed patent and that said Letters Patent is 
hereby corrected as shown below: 

And insert the following: 
--l = l: -l5.0097 - 9.70091 

= 2: 16.5690 +16.l5631 

= 3: -l8.4896 -2l.80501 

= 4: 17.6098 +24.58021 

l= 5: -l3.2506 -23.76391 
9.5893 +2l.70371 
-8.0826 -20.40091 
6.9506 +l8.90631 
-5.2490 -l6.46691 
: 2.7313 +13.l3ll1 
: -0.4989 - 9.93841 

:-0.9607 + 7.24211 
: 2.0038 - 4.75251 

: -3.0947 + 2.29661 

: 3.7987 - 0.26651 

:-3.7l64 - 0.82731 

: 2.6026 + 0.71571 

:-l.3585 - 0.24701 

: 0.7411 + 0.19121 

:-0.3795 - 0.l59l1- 

In the Claims: 

Claim 7, col. 15, line 13, delete “l” and insert --l--. 

Claim 12, col. 16, line I, delete “l” and insert --l--. 

Signed and Sealed this 

Eleventh Day of December, 2007 

,. Wgaw 

JON W. DUDAS 
Director afthe United States Patent and Trademark O?ice 


